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Abstract

Operational deep space navigation has in the past, and is currently, performed using
systems whosc architecture was ori gi nall y desi gned to accommodate tape data transfers and
computing environments with a tiny fraction of the current capability. Additionally, this
archi lect ure requires constant human Supe nVigjon and intervention. A prototype fora
systemwhich al lowsrelati vely automated processing of 1adio metric data received in neat
rcal- time from NASA ‘s Deep Space Networ k (IDSN) without any redesign of the existing
opet ational data flow has been developed. 1 hissystem can d fow formorerapidsesponse
as well as much reduced staffing to support mission navigation operations.

Introduction

1 n the past and curr ent practice, deep Space navigation operations have beenrelying
on a S) stemarchi tecture that was designed for tape data transfers. The entire navigational
procedure consi sts Of processing batches of observations to cort ect spacectaftinitial
conditions and thenusing the corrected initial conditions o regencrale spacecraft trajectory.
‘Ibis practice notonly requires constant human intervention but also makes it impossible to
process data in an automated fashion.

In certain operational scenarios, it is desirable o recursively process data as they
become available and 1o obtain the most curn entimprovement on spacecraft trajector y (vice
the correction on the initial conditions). Since the currentsoftware system cannpotseive this
purpose, the development of the prototype S)'skin, which is dubbed the Real-Time
Automated Hilter (RTAE), is intended to fill this \scum. The fundamental building block
of }ral; is the} ixtended Kalmanltalter [Ref. 1 ], whichallows processing of data oncata
time. The datadrivenfeature of the system takes advantage 01 the architecture of the X-
Windows Real-Time Display (X RTD) software | Ref. 2]. Thissystem works recuisively
and cachyecursive step consists of the followings. A data point is first obtained and
validated; thenthe spacecraft 11 ajectory is propagated to the 1i me correspondin %3 to t he data;
and then the data pointis used to correct the propagated spaceceraft trajectory, Whichwii i be
used forpropagating the spacecraft trajectory whenthe next data point becomes avail able.

Interestingly, the Kalman Filter algorithm has been widely used and proven
powerful in many data reduction applications including geo-satellite orbit determination.
However, no utilization of any forms of the Kalman Filter has been documented in the
literature of deep space navigation operations. This prototype, once developed fully, may
be the first such application using the Kalman Filter.
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Approach

I'nthe RTA T the models for the spacecralt dynamics and measurementsare a
subsctof (hat in the operational orbit deter mination software in JP1.. The spacecraft
dynamics include the n-body point mass gravitational accelerations, solar radiation pressurce
withan assured cylindricalspaceciaft gecometry, a 1 i mited oblat eness perturbation, and
accelerations due to mancuver motor buinsof fimte time fength. The measurement models
arc Jest]-ided to the coher ent two-way Dopplerwith precision 11 ght time corrections for
transmission and receiving times, as well as tropospheric delay of the radio signal. 1l tes
parameters include the spacccraft state (position and velocity) and system parameters.
Curtently, the hydrostatic and wet zenith delays of the troposphere are t reatedas sy'ste'n
parameters. Other examiples of system parameter s are solat 1 adiation pressurc and finite
motorburn direction and duration.

Using the Fxtended Kalman 1 dlter modeling definition, the spacecraft dynamics arc
maodeled by firstorder nonlincar stochastic differential equations, the sy 'stemparameters by
firstorder Gauss- Markov process, and measurements by discrete nonlincar equations.

X = f(x(0),q(0),0)+ F()w(r) (1
g(1) = Ag(n)+4 u(t) (2)
Y1) = By 4 (1) (3)
Ly = A,y a4 vk =1,2, (4)

1naboveequat ions, x is the spacecraft state vector; g 1S the dynamic system paramcters,
such as solar pressure and mancuver paramelters; y JS the grou nd sy stem para meters, f'or
example, the tropospheric zenith delays. 1or the measurementmaodel, three times arc
involved, the station transmission time 7, , the station 1ceciving time 1, and the spaceeraft

transmission time{, al | correspond i ng to the k- th data point. ' 1 hese times arc related via

precision time transformations bet weenstation time and cphemeris time as well as preci sion
lighttime corrections. Statistical assumptions arc the usual ems, such as the noisce terms

w, 4, f,andv arc uncorrclated and arc of mean zero. Data validation isa simple minded

approach currently, which 1S to check that each raw data pointlics within aspecified
deviation limit. Data outside of (hislimit is discarded.

The data flow from NASA’s DSNtothenavigation workstation is accomplished
via the same interface as is used with the X RTD software sy stem (Ref. 2). This system
taps into the aready cxisting radio metric information strecam.  Data flows from each DSN
antenna to the Ground Communications Facility (G CH) located al JP)..1 tom this facility,
the dataflows k) VAX computers which serve the Radio Metric 1 data Conditioningteam,a
pait of the DSN's Multi Mission Navigation Team at J'],. At this point, an auxiliary data
stream IS created which allows the tracki ng data to flow from (his 1 DSN computerthrougha
gateway machine aiso controlled by the SN to the navigation oper ations workstation.
This gateway is connected via DECNET (o the 1SN VAX and via TCP/IP (o the
navigationworkstatton. The direction of the data flow isexclusively controlled from the
sccure DSN machinesand is restrictedto alimited set of operations machines. Additionally
no direct contact between the DSN operat ions computer and project comput ers oceurs.
However, theresult is that the navigation workstations reccive the same Multi Mission
Spacceralt Record (MMSPR) file that exists onthe DSNcomputerswitha time lag Of no
more than one minute. Figure 1iHustrates this data flow as well as highlights the software



processes and file manipulations that occur on cach machine. Initially a process named
DSNLISTEN reecives incoming data and generates individual files of data blocks (DB1S).
The SPRCREATI process creates individual spacecraft record files (SPR'sy and multi
mission spaceeraft record files (MMSPR's) at a predetermined schedule which is defined
via the human controlled process SPRCRIEATE. The maximum frequency at which the
MMSPR's arc created is limited by the speed of the DSN Vax computer and is currently
limited to once per two minutes. A process called SPRNET which runs ona DSN
microVax monitors the MMSPR file on the primary machine and when it has been updated
then transfers it to the navigation workstation via TCP/AP where a waiting process named
SPRD reccives the file and creates a copy of it on the navigation machine. The RTAF then
access the latest data from this file.
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As data flows in 1o the navigation workstation, the RTAL then recursively validates
cach data, extrapolates the spaceeraft state and system parameters, computes predicted data
using extrapolated state and system parameters, forms residual using the raw data and the
predicted data, and corrects the extrapolated state and system parameters. The following
structure chart of the RTAL depicts this recursive process.
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Figure 2: Filter Processing Algorithm

Conclusions anduture Plans

The RT'AY represents a radically different way to perform deep spat’ ¢ navigation
operations. | 1 has been shown to be Weellsuited for ml-1i me automated data processing,
which would be impossible to accomplish using the traditional batch or batch sequential
filter and it has high potential in autonomous navigation applications. 1 n addition, it
provides significant advantages over the traditional epoch state 01 pscudo epoch state
formulations in its simplicity and extensibility as well as its natural way of modeling the
temporal process.

Though this prototype has gr cat promises, to be traly an operational tool, more
work needs to be done. The futur e developmentwil I expandthe spacecraft dynamic
maodels and obsm’able modcls. More sophist icated statistical met hods witlbe incorporat ed
in data and solution vatidation. Currently the system outputs a time history of changes in
the estimated parameters. 1t is desired (o have this system interface directly with one or
more commercial numeri cal data analysis packages to allow greater data analysis
capabi ii ties. This protot ype was developed in 1 essthanone yearusing parts of already
existing systems. | 1S planned to develop @ completely new operational ool based (M 1bis
sy'stem design during the nexteighteen months.

This new system will be similar in overall design to the one described here, but

should provide much greater capabilitics for autonomous operation as well as possible
future application in on-board systems which do not use radio metric data types.
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